A dual field of view lidar system with two independent receivers is described to realize the detection of atmospheric aerosols. A CCD camera is attached to a backscatter lidar as a receiver to complement the data in the near-field range affected by the incomplete overlap between the laser beam and the receiver field of view. The signal detected by the CCD camera is corrected and finally glued with the signal of the backscatter lidar to retrieve the aerosol extinction coefficient with Fernald algorithm. The aerosol extinction profile and visibilities measured by the dual field of lidar had been compared with the results measured by another general backscatter lidar and a surface aerosol instrument, respectively. The results suggested that the dual field of view lidar based on a CCD camera is feasible and reliable. It could obtain the data both in the near and in the far range simultaneously, improving the detection accuracy of the lidar system effectively.
Introduction
The atmospheric aerosols, especially the aerosols nearground, have a large impact on the local and regional air quality and visibility, as well as the human health and public transport safety directly and indirectly. Therefore, it is of vital importance to detect the vertical distribution of atmospheric aerosols near the ground. As a powerful tool to detect the spatial distribution of atmospheric aerosols, lidar has been widely used in the field of atmospheric and environmental monitoring [1] . However, the incomplete overlap between the laser beam and the receiver field of view of the backscatter lidar significantly affects the observation of aerosol optical properties in the near-field range. So the backscatter lidar has a shortcoming in the lower hundreds of meters because of the geometric overlap factor [2] . In this paper, the problem is overcome by a dual field of view lidar based on a CCD camera.
Welsh and Gardner had verified the feasibility of a bistatic lidar that uses a CCD camera as the receiver in 1989 [3] . Then, the lidar based on a CCD camera is gradually used in the near-ground atmospheric aerosols detection [4] [5] [6] . However, the application of the standard charge-coupled device camera lidar is limited in the near range. In this paper, a CCD camera is attached to a backscatter lidar to expand the detection range of the atmospheric aerosols in the near range. The CCD camera with large FOV is mainly used to detect the atmosphere in the near range and the receiver of the backscatter lidar is mainly used to detect the atmosphere in the far range. At last, the signals of the two receivers are glued and used to retrieve the whole range aerosol extinction properties.
System Structure
The configuration of the dual field of view lidar is shown in Figure 1 and the key specifications are given in Table 1 . As illustrated in Figure 1 , the CCD camera and telescope are separated by a distance and the CCD camera is parallel to the axis of the telescope. The laser source was a pulsed Nd:YAG laser operating at a wavelength of 532 nm with a pulse repetition rate of 20 Hz. The CCD camera with 3358 × 2536 active pixels was cooled to −10 ∘ C to improve 2 Journal of Spectroscopy the resolution and reduce the noise. The FOV of the receiver which consists of a CCD and a wide-angle lens is about 75.4
∘ . In the dual field of view lidar system, the laser beam is emitted into the atmosphere vertically and then the scattered signal is detected by two receivers. The CCD camera records the signal in the form of image. From geometry, the resolution of the signal detected by the CCD camera is given simply by
where is the FOV of each pixel. The CCD camera with large FOV is mainly used to detect the signal in the near range while the backscatter lidar with small FOV is mainly used to detect the signal in the far range. Finally, the signals are glued to retrieve the aerosol profiles.
Method
In the dual field of view lidar technique, some important parameters should be assumed in the CCD camera data retrieval and the most significant one is the exposure time, which has an important influence on the signal-to-noise ratio (SNR). Wang et al. [7] have pointed out the relationship between the signal-to-noise ratio (SNR) and exposure time of an astronomical CCD camera. It revealed that the SNR of the astronomical cooled CCD was proportional to the exposure time when the exposure time < ( is approximately 3 s) while proportional to the square root of the exposure time when the exposure time > . Besides, according to the signal theory, the SNR is proportional to the square root of the number of repetitions. All the analyses show that signal exposure mode with longer exposure time is more suitable when the total exposure time is ascertained. However, the signal will be saturated if the exposure time is too long. The exposure time in our experiment is set as 50 s.
The flow chart of the data processing is shown in Figure 2 . First, a flat field calibration is applied to the images recorded by the CCD camera. Then the background is subtracted from the image with scattered signal to remove the influence of the background. The gray scale at each pixel is summed in the direction perpendicular to the telescope axis within a certain range to provide information of the atmospheric scattering. The altitude of the scattered signal is derived from the geometry of the laser and CCD camera locations. The signals detected by the CCD camera, unlike ones from the backscatter lidar, vary dramatically with the scattering angle (it is always 180 ∘ for a backscatter lidar, whereas in the CCD technique, it varies with altitude), so the signals should be corrected based on the aerosol scattering phase function. Here we use the aerosol scattering phase function [8] (calculated from the second simulation of the satellite signal in the solar spectrum) which is shown in Figure 3 . In the dual field of view lidar system, the CCD camera receives the scattering signal in the range 143 ∘ ∼180 ∘ . The signal detected by the CCD camera is converted to the 180 ∘ with the aerosol scattering phase function and then glued with the signal acquired by the backscatter lidar.
The signal gluing theory is an ideal method to solve the problems of signal saturation in the near range and low SNR in the far range [9] in the backscatter lidar. Here the signal detected by the CCD camera and the photo counting signal detected by the backscatter lidar are glued. The main steps of the signal splicing procedure can be summarized as follows [10] : first, the fitting area where both the signals have higher SNR and better linearity should be selected; then the best gluing area is chosen with standards of justification to fit the two groups of signals and finally the signals are spliced with the parameters obtained from the linear fitting curve.
In order to guarantee the SNR of the signal in fitting area, the range of signals depends on the effective detection range of the CCD camera and the backscatter lidar. Some research has suggested that the distribution function of the laser beam images recorded by the CCD is characteristic of Gaussian curve, so the SNR at each altitude can be calculated with the Gaussian distribution formula [11] . The two-dimensional image of the laser beam is shown in Figure 4(a) , in which the beam direction is parallel to the axis and the color level represents the intensity of the received signal. Figure 4(b) shows the scatter diagram of the pixels and its corresponding gray scales at some attitude. We can obtain the SNR of the signal received by the CCD camera by fitting the scatter plot with Gaussian formula. The SNR can be calculated as
In the fitting area, the correlation coefficient is calculated with a sliding window to select the best splicing area where the correlation is the highest. We should point out that the backscatter lidar has constant resolution of 7.5 m, whereas the resolution of the CCD imaging lidar varies with altitudes. So we need to compare the resolution of the two groups of signals and interpolate the lower one to another before calculating the correlation coefficient of each window. Finally, the two groups of signals are fitted in the best splicing area and the fitting parameters are applied to the whole signal of the CCD camera to splice it with the photo counting signal received by the backscatter lidar. The spliced signal not only includes the near-ground data, but also takes the detection range into account, so the method can detect the distribution of atmospheric aerosols effectively. The Fernald algorithm is usually used to invert the aerosol profiles [12] . The key point of the algorithm is to determine the reference point and its initial value. The conventional Fernald algorithm often selects the clear aerosol-free altitude of the atmosphere as the reference point and calculates its initial value with the standard atmospheric model. But sometimes the clear altitude does not exist in the detection path, so here an improved Fernald algorithm is utilized to invert the aerosol extinction coefficient. Specifically the subslope method is used to determine the reference point and its initial value, and then the result is substituted into the Fernald formula to solve the aerosol profile [13] .
Experimental Results
The observation experiment was carried out at night to avoid the impact of background. Figure 5(a) shows the original signals received by the two receivers of the dual field of view lidar. As shown in Figure 5(a) , the signals of the two receivers have a good agreement in the range of 220-300 m. The correlation analysis result shown in Figure 5 (b) suggests that this area can be selected as the fitting area. the lower hundreds of meters, indicating the advantages of the dual field of view lidar system. Furthermore the visibility measured by the dual field of view lidar was compared with the ones from a forward scatter visibility meter. In Figure 7 , the square data represents the visibility [14] measured by the dual field of view lidar, and the circular and triangular data represent the visibility of Gangji and Shushan stations. The stations are all located within a radius of 6 kilometers from the site of the lidar. From the figure, we can see that the three curves are all tending to decline and the results have little difference during the experimental period. Figures 8(a) and 8(b) further, respectively, show that the correlativity of the visibility measured by the dual field of view lidar system and forward scatter visibility meter is above 90%, so the dual field of view lidar can measure the visibility accurately and effectively.
Conclusion
In conclusion, we introduce a new method for the aerosol detection with a dual field of view lidar system. A CCD camera is used to detect the lower atmosphere and a backscatter lidar is used to detect the higher atmosphere; finally the signals are spliced to invert the extinction coefficient profiles. CCD camera has the characteristics of high dynamic and high resolution near-ground, compensating the data of the blind and transition zone of the backscatter lidar. The signal spliced not only includes the near-ground data, but also takes the detection range into account, so the method can detect the distribution of atmospheric aerosols effectively. In addition, the improved Fernald algorithm is used to inverse the extinction coefficient profiles and the result is compared with the previous algorithm. The final result suggests that the improved algorithm is reasonable and effective. We have basically realized the no-blind aerosol detection with the dual field of view lidar system. Currently the dual field of view lidar technique is limited to use in night, so a further solution should be discussed to solve the background during the day.
